Assessment of the functional significance of coronary artery lesions during cardiac catheterization has recently become possible by calculating coronary flow reserve from both myocardial contrast appearance time and density in the resting and hyperemic states determined from digitized coronary cineangiograms. However, the interobserver and intraobserver variabilities, as well as the short-, medium-, and long-term variabilities of the coronary flow reserve measurements, have to be established before this technique becomes an acceptable means of assessing the immediate and long-term functional results of revascularization procedures such as percutaneous transluminal coronary angioplasty (PTCA). Variability was defined as the mean difference and standard deviation of the difference between duplicate determinations of coronary flow reserve. The intraobserver variability (mean difference SD) in the measurement of coronary flow reserve was -0.01+± 0.07. Interobserver variability by two observers was + 0.08 0.52. Short-term variability based on the analysis of two coronary cineangiograms taken 5 minutes apart was -0.02 0.26. Medium-term variability (coronary cineangiographies repeated 1-3 hours apart) was found to be -0.06 0.52. Long-term variability (coronary cineangiographies repeated 3-5 months apart) was 0.11 0.63. Having established the reproducibility of this radiographic method, we studied the prospective changes in coronary flow reserve in 25 patients undergoing PTCA for single vessel coronary artery disease. Coronary flow reserve measurements and quantitative coronary cineangiography were performed before, immediately after, and 3-5 months after PTCA. PTCA resulted in an immediate increase in coronary flow reserve from 1 0.3 to 2.3 0.6 with a concomitant increase in obstruction area from 0.9 0.3 to 3.3t±0.7 mm2. Nine of the 25 patients developed restenosis defined as a diameter stenosis greater than 50% at follow-up. The other 16 patients had a coronary flow reserve of 3.3+±0.6, which was measured 3-5 months after PTCA. Coronary flow reserve measurement from digitized coronary cineangiograms is a reproducible method for the assessment of the physiological importance of coronary artery obstructions. Short-, medium-, and 
coronary flow reserve has been proposed as a better method to evaluate the hemodynamic repercussions of a coronary stenosis.7,8 Three techniques have been developed that allow the measurement of regional coronary flow reserve during cardiac catheterization. The first is a pulsed-Doppler coronary artery catheter that can measure intracoronary blood flow velocity.9'10 The second technique is an indicator dilution technique with a platinum-tipped angioplasty guidewire with hydrogen as the indicator." The third technique is based on the radiographic assessment of myocardial perfusion with contrast medium.6'12-16The major advantage of this technique is that guide wires and other hardware need not be introduced into the coronary artery, so this method can be used during routine cardiac catheterization. Although the technique is computer based, a crucial component of the analysis procedure is the userdependent selection of the boundaries of the regions of interest, making intraobserver and interobserver variability potential pitfalls. Knowledge about the short-, medium-, and long-term variabilities in the measurements of coronary flow reserve is an essential prerequisite if this radiographic technique is to be used for the determination of the immediate and long-term functional results of pharmacological therapy or revascularization procedures such as PTCA. The aims of this investigation were to determine the interobserver and intraobserver variabilities as well as the short-, medium-, and long-term variabilities in coronary flow reserve measurements from digitized coronary cineangiograms and then to assess the immediate and long-term functional result of PTCA and its relation to quantitatively determined coronary stenosis geometry.
Patients and Methods Patient Selection
Twenty-five patients underwent PTCA for disabling angina pectoris despite optimal pharmacological therapy. The right coronary artery was dilated in five patients, the circumflex artery in five patients, and the left anterior descending artery in 15 patients. Their age (mean ± SD) was 54 ± 9 years. Twentyfour patients were men. Recatheterization was performed 3-5 months later as part of an ongoing study on restenosis after PTCA. Informed consent was obtained for the additional investigations. Patients were selected on the basis of the following criteria: primary successful PTCA for one-vessel coronary artery disease (residual diameter stenosis less than 50%), normal blood pressure (mean aortic pressure ranging from 85 to 105 mm Hg), normal left ventricular wall motion with an ejection fraction of more than 55%, normal left ventricular end-diastolic pressure, and no angiographic evidence of collateral circulation, cardiac hypertrophy, anemia, polycythemia, documented previous myocardial infarction, and valvular heart disease. 
Coronary Flow Reserve Measurements
The procedure for the coronary flow reserve measurement from digitized coronary cineangiograms recorded on 35-mm cinefilm has been established on the Cardiovascular Angiography Analysis System developed at our institution. 13 The film speed was 25 frames/sec with a pulse time of 4 msec. For the right coronary artery, a left or right anterior oblique projection was used; for the left coronary artery, a left anterior oblique projection was used. The x-ray gantry settings were standardized in the short-and medium-term variability studies. This resulted in a good reproducibility of isocenter-image intensifier distance, focus-isocenter distance, and object-isocenter distance (Table 1) . Voltage (kV) and current (mA) of the x-ray generator are adjusted automatically in our catheterization laboratory during the first three or four cineframes of each cinerun by a microprocessor system.'7 The on-line recorded voltage and current are then held constant during the cinerun. This microprocessor-based technique provided results of good reproducibility in both voltage and current of the x-ray generator ( Table 1) . The heart was atrially paced at a rate just above the spontaneous heart rate, ranging from 70 to 90 beats/min. An electrocardiographic (ECG)-triggered injection into the coronary artery was performed with lopamidol at 370 C through a Medrad Mark IV infusion pump (Pittsburgh, Pennsylvania). This nonionic contrast agent has a viscosity of 9.4 cP at 370 C, an osmolality of 0.796 osm/kg, and an iodine content of 370 mg/ml. The injection rate and volume of the contrast medium were judged to be adequate when back flow of contrast medium into the aorta occurred. The injection rate ranged from 3 to 6 ml/sec, and the injection volume ranged from 5 to 9 ml depending on the size of the coronary artery. The angiogram was repeated with identical patient position and x-ray gantry settings, 30 seconds after hyperemia induced by a bolus injection of 12.5 mg papaverine into the coronary artery.12 Five or six end-diastolic cineframes were selected from succes-sive cardiac cycles. Logarithmic nonmagnified maskmode background subtraction was applied to the image subset to eliminate noncontrast medium densities. The last end-diastolic frame before contrast administration was chosen as the mask. From the sequence of background-subtracted images, a contrast arrival time image was determined with an empirically derived fixed-density threshold.'3 Each pixel was labeled with the sequence number of the cardiac cycle in which the pixel intensity level for the first time exceeded the threshold, starting from the beginning of the ECG-triggered contrast injection. In addition to the contrast arrival time image, a density image was computed with each pixel intensity value being representative for the maximal local contrast medium accumulation. The coronary flow reserve was defined as the ratio of the regional flow computed from a hyperemic image [Q(h)] divided by the regional flow of the corresponding baseline image [Q(b)]. Regional flow values were quantitatively determined from the relation in which regional blood flow equals regional vascular volume divided by the transit time. 13 Regional vascular volume was assessed from the logarithmic maskmode subtraction images with the Lambert-Beer relation. Coronary flow reserve can then be calculated as
where CFR is coronary flow reserve, D is the mean contrast density, and T is the mean appearance time at baseline (b) and hyperemia (h Care was taken to ensure that the regions in the duplicate determinations were identical. Interobserver Variability Interobserver variability was assessed by measuring the coronary flow reserve in 12 regions in seven patients from the same coronary cineangiograms by two observers. In five patients, two regions in the myocardium supplied by the left coronary artery were analyzed, and in two patients, a region was analyzed in the myocardium supplied by the right coronary artery. The selected boundaries of the regions were unknown to the other observer. Short-term Variability Short-term variability was defined as the variation in coronary flow reserve measured from two coronary cineangiograms taken 5 minutes apart with identical position of patient, x-ray source, and image intensifier. Coronary flow reserve was measured in 13 regions in seven patients. In six patients, two regions in the myocardium supplied by the left coronary artery were analyzed, and in one patient, a region was analyzed in the myocardium supplied by the right coronary artery. Care was taken to ensure that the selected regions in the duplicate determinations were identical. Figure  2 ). There is no significant difference in the measurements between the two observers. Short-term Variability Figure 3 shows the coronary flow reserve as measured from repeated acquisition and analysis of coronary cineangiograms taken 5 minutes apart in 13 regions in seven patients. No significant differences between the two measurements were found. The hemodynamic data are shown in Table 2 . Medium-term Variability Figure 4 shows the coronary flow reserve measurements for a myocardial region supplied by a cornary artery not involved in dilatation in 20 patients immediately before and after (1) (2) (3) hours) angioplasty. No significant differences were found between the measurements obtained before and after the angioplasty. The hemodynamic data are shown in Table 2 . NS, not significant.
Long-term Variability Figure 5 shows the coronary flow reserve as measured in a myocardial region supplied by a nondilated coronary artery immediately after angioplasty as well as 3-5 months later in 20 patients. There is no significant difference between the two measurements. The hemodynamic data are shown in Table 2 The first aim of the present study was to determine interobserver and intraobserver, as well as short-, medium-, and long-term, variability in radiographic coronary flow reserve measurements. Various factors potentially contribute to these variabilities.
1) The x-ray gantry settings and voltage and current of the x-ray generator must be identical to permit a valid comparison of the myocardial contrast density measurements on both the baseline and hyperemic cineangiograms. This is also a prerequisite if a comparison of two or more coronary flow reserve measurements at different times is to be made. The radiographic equipment used in this study seems adequate in this regard (Table 1) .
2) Cinefilm development must be very stable. In our laboratories, a 21-step (log 1.5 increment) sensitometric full-frame strip is generated on each cinefilm with a dummy camera before the angiographic investigation. This strip is developed with the angiographic data and is used to control the chemical process. Developer is replenished per meter of cinefilm instead of per unit of time and is therefore independent of the speed of the machine. Together with accurate temperature control and the use of a medium-grain developer, a reliable chemical process results that is characterized by a mean density of 0.82 and a gradient of 1.25.
3) Many patient-related factors are important determiners of the measured coronary flow reserve and contribute to the variability of this radiographic method. Changes in heart rate may influence the coronary flow reserve. 23, 24 Furthermore, subtraction of the digitized selected end-diastolic cineframes is only possible when a strictly regular rhythm is present. Therefore, atrial pacing is mandatory. Changes in blood pressure can influence coronary flow reserve in two ways.8 First, myocardial oxygen consumption and, therefore, baseline coronary blood flow are to a large degree determined by the systemic arterial pressure. Because coronary flow reserve is defined as the ratio of maximal to resting coronary blood flow, an increase in resting coronary blood flow as a result of an increase in myocardial oxygen consumption results in a decrease of this ratio. Second, the coronary blood flow during maximal coronary vasodilation is linearly related to the coronary driving pressure. 25 Cineangiograms that are used for the calculation of flow reserve during baseline and hyperemic conditions or for repeated radiographic coronary flow Wilson and White36 recently investigated the dose of intracoronary papaverine needed to produce maximal coronary vasodilation, and they reported a maximal hyperemic response after 8 mg in most coronary arteries and after 12 mg in all coronary arteries.
6) The analysis of the cineangiogram to permit calculation of coronary flow reserve from measured myocardial contrast appearance time and density involves the selection of end-diastolic cineframes, digitization, and selection of a region. The boundaries of the regions of interest are drawn by the observer with a writing tablet that is interfaced with the computer. Although the entire analysis procedure can be performed with high reproducibility (see Figure 1) , the observer-dependent selection of the boundaries of the regions introduces interobserver variability (Figure 2) . Consequently, rigid criteria should be applied to the selection of the boundaries of the regions, preferably in an automated manner that is not dependent on the user.
The second aim of the present study was to assess the immediate and long-term functional results of PTCA. Although PTCA resulted in an immediate increase of coronary flow reserve from 1 +±0.3 to 2.3 + 0.6, coronary flow reserve in the myocardium supplied by the dilated coronary artery immediately after PTCA was still substantially lower than the coronary flow reserve of 3.2 ± 0.9 in the myocardium supplied by nonsignificant, nondilated, and angiographically diseased coronary arteries (diameter stenosis <50%) (see Figure 4) . During the 3-5-month follow-up, nine patients developed restenosis defined as a diameter stenosis greater than 50%. By 5 months after PTCA, the other 16 patients had a coronary flow reserve of 3.3 + 0.6 in the dilated coronary arteries, which is comparable to the coronary flow reserve of adjacent myocardial regions supplied by nondilated coronary arteries of these same patients. There are several possible explanations for the limited restoration of coronary flow reserve immediately after PTCA. Because coronary flow reserve is a ratio between maximal and resting flows, an increase in resting flow results in a decrease of this ratio. Figure 7 .
In the 6 months after PTCA, important morphological changes may take place. Johnson et a141 reported a late increase in obstruction area in about one third of their patients. Nine of our 25 patients had a late increase in obstruction area. The relation we found between the change in obstruction area and the change in flow reserve occurring immediately after PTCA and up to 3-5 months later suggests that these morphological alterations play an important role in the restoration of coronary flow reserve (see Figure 9 ).
There are two important limitations of coronary angiography in the setting of PTCA. First, the mechanical disruption of its internal wall may be difficult to assess by angiographic means.19,42 The irregular shape with intimal tears that fill with contrast medium to a variable extent will result in some overestimation of the true functional luminal size immediately after PTCA. Second, the extent of coronary atherosclerosis may be difficult to delineate angiographically. McPherson et a143 documented that substantial intimal atherosclerosis resulting in diffuse obstructive disease that involves the entire length of an epicardial artery is often present, even when angiograms reveal only discrete lesions. This may explain why despite only minimal residual stenosis, our patients that had no restenosis had a coronary flow reserve of the dilated, as well as the nondilated coronary, arteries that was still somewhat lower than the normal values for coronary flow reserve as previously reported.9,13,18
Conclusion
Coronary flow reserve measurement from digitized coronary cineangiograms is a reproducible means that may be used to assess the functional capacity of coronary arteries. Short-, medium-, and long-term investigations of the functional results of interventions such as PTCA can be performed reliably with this technique. 
